This paper evaluates the effect that a permeable mould, such as would be used to 13 create fabric-formed concrete, may have on the heat-induced explosive spalling 14 performance of cast concrete, using a novel experimental fire testing method and 15 supported by scanning electron microscopy. Recent research suggests that a 16 concrete cast using fabric formwork will gain durability enhancements at the cast 17 surface that may negatively affect pore-pressure expulsion during severe heating. Six 18 concrete samples were cast using high strength concrete including silica fume and 19 tested using the University of Edinburgh's Heat-Transfer Rate Inducing System (H-20 TRIS), receiving thermal loading on one surface. Three samples were cast in 21 permeable moulds, formed using a Huesker HaTe PES 70/70 single layer woven 22 geotextile with a characteristic opening size (O 90 ) of 0.1x10 -3 m. Three samples were 23 cast in conventional impermeable timber moulds. The tests showed no conclusive 24 evidence of differences in thermal profile or differential thermal deflections between 25 the two casting methods; no occurrences of heat-induced explosive spalling were 26 observed for either casting method. However, scanning electron microscopy 27 undertaken on additional samples showed that the test face of samples cast in 28 permeable moulds were over four times less porous compared to their impermeably 29 cast equivalents. This could increase the risk of spalling of samples, particularly in 30 cases where pore-pressure spalling dominates the material response. However, 31 additional fire testing using H-TRIS is needed under a range of heating and loading 32 conditions, before definitive conclusions on the spalling propensity of fabric-formed 33 concrete can be made. 34 35 3
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Introduction 36
Detailed structural optimisation of concrete structures can yield material savings in 37 the order of 40% (Orr et al., 2011) . Such savings can be achieved, for example, by 38 using flexible, permeable, fabric moulds that allow optimised forms to be cast. The 39 permeability of fabric moulds (which are typically made using geotextiles) allows 40 excess water and trapped air to escape, resulting in a more durable surface finish 41 with a denser and more tightly packed microstructure (Orr et al., 2013) . In addition, 42 fabric formwork is reusable in most cases, with the fabric geometry able to form a 43 different element by an adjustment of its specific tension and clamping (Chandler and 44 Pedreschi, 2007) . 45
Permeability is widely believed to influence the propensity for heat-induced explosive 46 concrete spalling (Klingsch, 2014) . Since permeable formwork typically reduces the 47 the scientific community -and is currently impossible to predict with confidence. An 99 example of severe heat-induced concrete spalling is shown in Figure 2 , where only 100 the spalled area was exposed to heating during the test. A loss of structural material 101 is evident, which reduces the volume of the element and could result in failure 102 through loss of cross section or loss of thermal protection to the internal steel 103 reinforcement. 104 
108
According to Jansson (2008) , prominent researchers in the late 20 th Century Meyer-109
Ottens (1972) and Copier (1979) hypothesised that the probability of spalling is low if 110 the moisture content of concrete is also low. Mindeguia et al. (2011) proposed that 111 free and physically bound water holds the core responsibility over the development of 112 internal pore pressures from elevated temperatures. Considering moisture as an 113 important factor affecting the propensity for concrete spalling, it is therefore clearly 114 detrimental to have a large amount of free water within a sample. 115
The Moisture Clog Model originally developed by Harmathy (1965) describes one of 116 two widely accepted theoretical mechanisms for spalling. At elevated temperatures, a 117 plane of fully saturated concrete is expected to form within the concrete specimen, as 118 a result of vaporisation of pore water within the concrete, restricting the movement of 119 steam out of the sample. This causes pore pressures within the concrete to rise. 120
Once the tensile strength of the concrete is exceeded locally, spalling may occur 121 (Jansson, 2013) . By cutting specimens shortly after they been tested at high 122 temperature Jansson (2013) demonstrated that a moisture clog layer was visible, 123 which partly validated this explanation of pore pressure as a factor influencing 124 spalling. Although the mechanism has not been definitively proven and the research 125 community has put forward various alternative mechanisms (Khoury, 2000) , the 126 Moisture Clog theory is still regarded as relevant to explaining the phenomenon of 127 spalling. The other key mechanism involves differential thermal stresses which are 128 generated as the concrete surface heats and tries to expand, whereas the cooler 129 concrete within the core remains cool; this generates differential thermal stresses 130 which are also thought to influence spalling. Indeed many researchers now feel that 131 Thermal Stress Spalling is more important than Pore Pressure Spalling in many 132 applications (Zhang and Davie, 2013) . 133
In addition to moisture content, there are many further factors expected to influence 134 spalling. These varied and complex factors range from the mix properties of the cast 135 concrete to the geometry of the specimen, external loading, restraint conditions, and 136 the heating rate (Jansson, 2008) . 137
A brief explanation of spalling related factors directly linked to the testing undertaken 138 in the current paper are given in Table 1 ; the risk related to spalling is after Klingsch 139 (2014) . 140 Extensive research has been performed with the aim of minimising, and ultimately 144 preventing, heat-induced explosive concrete spalling (Zeiml et al., 2006) . A common 145 method of spalling mitigation is by adding polypropylene (PP) anti-spalling fibres to a 146 concrete mix. Research suggests that at around 170°C the PP fibres melt, creating 147 channels through the concrete matrix and altering the microstructure by increasing its 148 porosity (Klingsch, 2014) . Water vapour formed during high temperature can 149 therefore be more easily expelled, and the build-up of internal pore pressures is 150 reduced (Lura and Terrasi, 2014) . It is noteworthy that this theory of PP anti-spalling 151 fibres' mechanism of functioning has yet to be fully validated, and it remains a topic 152 of some controversy. 153
Structural fire testing 154
Full-scale fire tests of real buildings are rare, with a few notable exceptions such as 155
Cardington (Kirby, 1997 Researchers sometimes test multiple specimens simultaneously, leading to over-169 instrumentation while the exposed thermal environment is partly ignored (Maluk et 170 al., 2012) . Due to the comparatively high cost for furnace testing, a limited number of 171 tests can typically be performed, which results in an inability to perform repeat testing 172 or any statistical analysis, and making a reliability-based approach to design 173 impossible (Maluk et al., 2012) . In addition, furnace testing has comparatively poor 174 repeatability, and the thermal energy that the specimen absorbs over time is only 175 indirectly controlled by making measurements of gas temperatures within the 176 furnace, as opposed to heat absorbed into the test samples (Maluk and Bisby, 2012) . 177 It can thus be difficult to accurately quantify the thermal loading a specimen receives 178 within a furnace (Maluk et al., 2012) . 179
Heat-Transfer Rate Inducing System (H-TRIS) 180
A novel thermal testing method has been developed at the University of Edinburgh 181 (Maluk et al., 2016) called The Heat Transfer Rate Inducing System (H-TRIS) ( Figure  182 3). This consists of four high performance propane-fired radiant heaters (to provide 183 thermal loading), mounted on a mechanical linear motion system. When testing using 184 H-TRIS the thermal exposure is controlled directly by controlling the heat flux the 185 specimen is exposed to during testing as opposed to the controlling the temperature 186 within the furnace in standard tests (Hulin et al., 2015) . A heat flux gauge is used to 187 measure and calibrate the incident heat flux from the radiant panels at the surface of 188 the tested element, and the position of the radiant panels from the sample face is 189 
Sample construction 207
Three samples were cast with permeable formwork on one face, and three were cast 208 within impermeable moulds. Two additional samples (one of each mould type) were 209 cast for later analysis using scanning electron microscopy (SEM). Nine 100mm 210 cubes were also cast alongside the samples for mix characterisation purposes. All 211 test samples were internally instrumented with five 0.3mm diameter welded tip 212 insulated fibreglass (Type K) thermocouples (see Figure 4) , with their tips carefully 213 placed (+/-2mm) at depths of 2mm, 5mm, 10mm, 22mm and 45mm from the face 214 exposed to heating. These were placed using a thermocouple tree arrangement (as 215 shown in Figure 4 ) which was cast inside the samples during casting operations. The 216 fifth thermocouple was placed on the back face of each specimen during testing, 217 covered by ceramic insulation and sealed in place using aluminium tape. 218 219 
221
The mix design used in the current study (see Table 2 ) had a 28-day design 222 compressive cube strength of 60MPa. This compressive strength was chosen as it is 223 a realistic strength that is used in permeable concrete formwork building construction. 224
All concrete was mixed in the Concrete Laboratory at the University of Bath, following 225
The Silica Fume Association (2011) 
Test setup 236
The test set up for the spalling tests is shown in Figure 5 and Figure 6 . Specimens 237 were placed into a supporting test frame, with cork placed underneath each concrete 238 sample to prevent them from moving during heating. However, the concrete 239 specimens were not mechanically restrained, thus allowing free thermal expansion 240 and bowing during testing. 241
Research has shown that the application of an appropriate external load or restraint 242 can influence spalling (Hertz and Sørensen, 2004, Rickard et al., 2017) . However, 243 since this is a pilot study, the parameters being investigated were kept to a minimum 244 and a loading frame was not used for these samples. 245
A displacement gauge was attached at the centre of the back face of the specimens. 246
The back face of the sample was covered by a wire mesh to protect the 247 instrumentation in case of rear-face spalling (which had been observed in similar 248 prior testing at Edinburgh (Hulin et al., 2015) . Two magnetic clamps held the cross 249 bar for the displacement gauge, as shown in Figure 5 , and a camera was used to 250 record the displacement gauge reading for later transcription. 251 Figure 6 shows H-TRIS in its warmup and test preparation phase. To protect each 252 sample during warmup of the radiant panels until they reached a steady-state heat 253 flux condition, insulation was placed in front of the specimens. Upon reaching a 254 homogenous heat flux, the tests were initiated by removing the protective insulation 255 board. Each test was programmed to follow a specific time versus incident heat flux 256 curve (as shown in Figure 7) . Two different heating curves were used: (1) 
276
Test results 277
Concrete properties 278
The average concrete compressive strength, measured from three cubes and tested 279 in accordance with BS EN 12390-3 (2009a), was 68MPa on the test date (90 days 280 after casting). 281 
H-TRIS testing results 284
289
N.B. 5mm temperature recordings for sample AF3 featured occasional sporadic jumps and so data has been selectively removed from 290 Figure 9 and Figure 10 . 
Temperature readings 292
The recorded temperatures from selected H-TRIS tests are shown in Figure 8 
Sample displacements 322
All tests were performed with samples unloaded and unrestrained against curvature and 323 end rotations. This resulted in high differential thermal stresses causing deflection (thermal 324 bowing) of all concrete samples during heating. All concrete samples bowed outwards, i.e. 325 in the direction of the heat source (Figure 11 ). Data is presented in Figure 12 ). Samples 326 4.3 Mass-loss from dehydration 335 Table 5 shows the mass loss from the dehydration of each sample due to fire testing. The 336 range of specimen moisture contents lie between 5.41% and 8.41%. AT2 and AF4 have 337 the lowest moisture content of all six samples after testing. Since these samples were 338 exposed to the less intense ISO 834 (2002) equivalent curve, it is possible that thirty 339 minutes of heating did not fully dry out both samples and so a value of moisture loss by 340 mass has also been presented. conditions with compressive stress applied to half of the specimens. A further discussion 348 of factors influencing spalling such as these is presented in Section 5. 349 
Restraint conditions 365
During testing, all samples were unrestrained at their ends. They all exhibited large bowing 366 under heating due to the high through-thickness thermal gradient created by heating from 367 one side of the specimen. Their lack of restraint, and ability to deform, may have 368 contributed to the absence of spalling. Hertz (2003) demonstrated that for samples 369 restrained in place with fixed ends, it is more difficult for specimens to relieve internal 370 thermal stresses through deflection, making restrained specimens more likely to spall. 371
Applied loading 372
All specimens in this paper were tested without externally applied static loads. The 373 addition of a moderate amount of compression has been shown to increase the likelihood 374 of spalling. Carré et al. (2013) exposed specimens with a concrete strength of 37MPa to 375 an ISO 834 (2002) time-temperature curve. With up to a 10MPa compression on these 376 specimens, no spalling was recorded. At 15MPa compression, spalling was observed. 377
Thermal cracking 378
A further underlying reason for the absence of spalling seen in this paper can be related to 379 the extensive thermal cracking which developed during testing. As thermal cracks develop 380 in normal density concrete without external load or restraint as was used here, stresses at 381 the surface are relieved and the propensity for spalling is reduced (Hertz, 2003) . 382
Summary 383
The concrete samples cast using permeable moulds do not appear to be more susceptible 384 to spalling under the conditions studied. There are no obvious differences in the 385 temperature profiles or thermal curvatures from H-TRIS testing indicating that the 386 increased surface durability gained from using fabric formwork does not increase the 387 likelihood of spalling over traditionally formed concrete given the testing conditions. Slight 388 variances in temperature readings can be accounted for by minor differences in the cast 389 positions of thermocouples. As no spalling was observed, an investigation into the altered 390 pore structure from permeable mould formed samples was undertaken using scanning 391 electron microscopy. 392 393 6 Scanning electron microscopy 394
To assess the porosity of concrete cast against timber and a permeable fabric, eight 395 concrete samples of 25mm x 25mm x 25mm were cut from the centres of untested 396 samples (four from an impermeably and four from a permeably cast sample). The cubes 397 were set in epoxy resin under vacuum and polished to a high degree before imaging. No 398 splutter coatings were applied to the sample. An example of a fabric formed surface 399 sample is shown in Figure 13 . 400 
Summary 432
A stark difference is evident in the magnitude and distribution of pores between concrete 433 formed from a permeable mould (Figure 14 and Figure 15 ) and a timber formed surface 434 (Figure 16 and Figure 17) . Table 6 shows the average voids area is over four times greater 435 for a timber formed surface at 300x magnification, providing significant evidence of 436 reduced porosity, and therefore, decreased permeability of a surface formed from a 437 permeable mould. Orr et al. (2013) also demonstrated that a fabric formed surface layer 438 contained a greater concentration of cement particles resulting in smaller and fewer 439 interconnected pores. The higher density microstructure of the permeable mould concrete 440 is further demonstrated by the large and frequent C-S-H gel formation, visible at 500x 441 magnification, appearing as dark grey, by comparing Figure 15 and Figure 17) . 442
Evaluation of experimentation 443
H-TRIS testing 444
Since all samples were tested unrestrained and unloaded, thermal expansion and bowing 445 was expected. The boundary conditions tested simulate, for example, a concrete façade. 446
To simulate a realistic structural load bearing scenario, the sample should be tested with 447 axial and/or flexural restraint, and with representative loading applied. 448
Scanning electron microscopy 449
As a result of sample preparation, from polishing the surface of both the permeable mould 450 and timber formed samples, the texture of the true outer layer was partially lost, and 451 therefore, the backscattered electron images do not represent the exact surface layer. 452
Section 6.1 still shows a distinct difference in the imaged surface layers and so, in the 453
Author's opinion, the validity of the conducted microscopy remains. 454
Conclusions 455
The additional density and restricted permeability found by Orr et al. (2013) at the surface 456 layer of fabric formed concrete revealed a potential hazard for the fire related performance 457 of fabric formed concrete, specifically with relation to heat-induced explosive concrete 458 spalling. 459
A pilot study, presented in this paper, was undertaken to examine this potential hazard. 460
Fire testing undertaken at the University of Edinburgh using H-TRIS was inconclusive, with 461 no observed spalling for concrete samples cast using conventional formwork or using 462 permeable fabric formwork. Further research is required to draw definitive conclusions, 463 either replicating the boundary conditions of testing undertaken in this paper (to simulate a 464 concrete façade) or with structural restraint conditions and applied loading to the samples 465 to replicate likely behaviour in service, such as a concrete wall. 466
Scanning electron microscopy was performed to investigate the porosity of the cast 467 samples. The image analysis performed supports the prior results from Orr et al. (2013) , 468 concluding that the studied fabric formed surface layer featured considerably lower 469 porosity (over four times less porous) than the given timber formed layer. 470
With evidence showing the porosity of permeable mould formed surfaces to be lower (and 471 
